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OBTAIN AN ACOUSTIC RESPONSE IN A REAL-WORLD SCENE

1006

| DETERMINE ACOUSTIC MATERIAL PROPERTIES OF SURFACES |
| IN THE 3D VIRTUAL MODEL USING A VISUAL MATERIAL |
CLASSIFICATION ALGORITHM TO IDENTIFY MATERIALS IN
THE REAL-WORLD SCENE THAT MAKE UP THE SURFACES
AND KNOWN ACOUSTIC MATERIAL PROPERTIES OF THE
MATERIALS

USE THE ACOUSTIC RESPONSE IN THE REAL-WORLD SCENE
TO ADJUST THE ACOUSTIC MATERIAL PROPERTIES
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METHODS, SYSTEMS, AND COMPUTER
READABLE MEDIA FOR ACOUSTIC
CLASSIFICATION AND OPTIMIZATION
FOR MULTI-MODAL RENDERING OF
REAL-WORLD SCENES

TECHNICAL FIELD

The subject matter described herein relates to wvirtual
sound modeling. More specifically, the subject matter relates
to methods, systems, and computer readable media for
acoustic classification and optimization for multi-modal
rendering of real-world scenes.

BACKGROUND

Sound propagation techniques determine how sound
waves travel 1n a space and interact with the environment. In
many applications, 1t 1s 1important to be able to simulate
sound propagation in large scenes, such as games and
training 1n both indoor and outdoor scenes, noise prediction
in urban areas, and architectural acoustics design for build-
ings and interior spaces such as concert halls. Realistic
acoustic eflects can also improve the realism of a virtual
environment. Acoustic phenomena such as interference,
diffraction, and scattering for general scenes can only be
captured by accurately solving the acoustic wave equation.
The large spatial and frequency domain and accuracy
requirement pose a significant challenge for acoustic tech-
niques to be used in these diverse domains with diflerent
requirements.

Various techniques may be used 1n predicting or modeling
sound propagation. However, current techniques are unable
to efliciently perform acoustic classification and optimiza-
tion for multi-modal rendering of real-world scenes.

SUMMARY

Methods, systems, and computer readable media for
acoustic classification and optimization for multi-modal
rendering of real-world scenes are disclosed. Methods, sys-
tems, and computer readable media for acoustic classifica-
tion and optimization for multi-modal rendering of real-
world scenes are disclosed. According to one method for
determining acoustic material properties associated with a
real-world scene, the method comprises obtaining an acous-
tic response 1n a real-world scene. The method also includes
generating a three-dimensional (3D) virtual model of the
real-world scene. The method further includes determining,
acoustic material properties of surfaces i the 3D virtual
model using a visual material classification algorithm to
identily materials 1n the real-world scene that make up the
surfaces and known acoustic material properties of the
materials. The method also includes using the acoustic
response 1n the real-world scene to adjust the acoustic
material properties.

A system for determining acoustic material properties
associated with a real-world scene 1s also disclosed. The
system 1ncludes at least one processor and a sound propa-
gation model (SPM) module executable by the at least one
processor. The SPM module 1s configured to obtain an
acoustic response in a real-world scene, to generate a
three-dimensional (3D) virtual model of the real-world
scene, to determine acoustic material properties of surfaces
in the 3D virtual model using a visual matenal classification
algorithm to i1dentity materials 1n the real-world scene that
make up the surfaces and known acoustic material properties
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2

of the materials, and to use the acoustic response 1n the
real-world scene to adjust the acoustic material properties.

The subject matter described herein can be implemented
in soitware in combination with hardware and/or firmware.
For example, the subject matter described herein can be
implemented 1n software executed by a processor. In one
example 1mplementation, the subject matter described
herein may be implemented using a computer readable
medium having stored thereon computer executable mnstruc-
tions that when executed by the processor of a computer
control the computer to perform steps. Example computer
readable media suitable for implementing the subject matter
described herein include non-transitory devices, such as disk
memory devices, chip memory devices, programmable logic
devices, and application specific integrated circuits. In addi-
tion, a computer readable medium that implements the
subject matter described herein may be located on a single
device or computing platform or may be distributed across
multiple devices or computing platforms.

As used herein, the terms “node” and “host” refer to a
physical computing platform or device including one or
more processors and memory.

As used herein, the term “module” refers to hardware,
firmware, or software 1n combination with hardware and/or
firmware for implementing features described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

Various embodiments of the subject matter described
herein will now be explained with reference to the accom-
panying drawing, wherein like reference numerals represent
like parts, of which:

FIG. 1 1s a diagram illustrating an example node for
acoustic classification and optimization for multi-modal
rendering of real-world scenes;

FIG. 2 1s a diagram 1illustrating aspects associated with an
example approach for determining acoustic material prop-
erties associated with a real-world scene;

FIG. 3 1s a diagram 1llustrating aspects associated with an
example acoustic classification and optimization approach;

FIG. 4 1s a diagram 1illustrating example material catego-
ries and absorption coeflicient data;

FIG. 5 1s a diagram 1llustrating an overview of an example
sound propagation and rendering system;

FIGS. 6 A-B depict results for an example visual material
classification algorithm for four benchmark scenes;

FIGS. 7A-D depict results for an example optimization
algorithm for four benchmark scenes;

FIG. 8 1s a diagram 1illustrating example scene details of
four benchmark scenes;

FIG. 9 1s a diagram illustrating user evaluation results;
and

FIG. 10 1s a diagram 1llustrating an example process for
determining acoustic material properties associated with a
real-world scene.

DETAILED DESCRIPTION

The subject matter described herein relates to methods,
systems, and computer readable media for acoustic classi-
fication and optimization for multi-modal rendering of real-
world scenes.

1 Introduction

Recent advances 1n computer vision have made 1t possible
to generate accurate 3D models of indoor and outdoor
scenes from a sequence of images and videos. The resulting
models are frequently used for visual rendering, physics-
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based simulation, or robot navigation. In many applications
including computer-aided design, teleconferencing, and
augmented reality, 1t 1s also important to augment such
scenes with synthetic or realistic sound effects. It has been
shown that good sound rendering leads to an improved sense 5
of presence 1n virtual and augmented environments [1], [2].

The simplest methods for generating acoustic eflects in
augmented reality and/or virtual reality (AR/VR) are based
on artificial reverberation filters which use simple paramet-
ric decay models. However, the specification of these param- 10
cters 1s time consuming and these techniques cannot simu-
late many eflects, such as diffraction or direction-dependent
reverberation. Instead, the most accurate algorithms are
based on sound propagation and dynamically compute an
impulse response (IR), or transfer function, based on the 15
current position of the source(s) and the listener within the
environment. The sound eflects heard by the listener are
computed by convolving the impulse response with unpro-
cessed or dry source audio.

In order to simulate sound propagation within a real- 20
world scene, a 3D surface representation 1s needed, usually
in the form of a triangle mesh. Another important require-
ment for sound propagation is the need for accurate acoustic
material properties for the 3D scene representation. These
properties include absorption and scattering coeflicients. 25
They specily how sound waves interact with surfaces in the
scene and can strongly influence the overall acoustic eflects
in the scene, including the reverberation time. The matenal
properties depend on a variety of factors including the angle
of sound incidence, frequency, acoustic impedance, thick- 30
ness, surface roughness, and whether or not there i1s a
resonant cavity behind the surface [3], [4], [3].

The geometric models used in current sound propagation
systems are either synthetically generated (e.g., using a
CAD system) or reconstructed from sensor data using com- 35
puter vision techmques. However, 1t 1s dithicult to determine
the appropriate material properties for the 3D mesh. Current
sound propagation techniques have relied on tables of mea-
sured acoustic material data that are assigned to the scene
triangles or objects by a user [6]. 40

However, assigning these properties 1s a time-consuming,
manual process that requires an in-depth user knowledge of
acoustic materials. Furthermore, the resulting simulations
may not match known acoustic characteristics of real-world
scenes due to mconsistencies between the measured data and 45
actual scene materials.

Recent improvements in data acquisition and computer
vision techmques have resulted 1n a large body of work on
reflectance acquisition [7], which 1s targeted towards real-
istic visual rendering. However, these methods may not be 50
directly useful for sound propagation, as they do not account
for acoustic phenomena (e.g., frequency-dependent wave
cllects).

2 Related Work

In this section a brief overview of related work 1n sound 55
propagation, acoustic material properties, 3D reconstruc-
tion, and visual material segmentation 1s discussed.

2.1 Sound and Multi-Modal Rendering

Realistic sound eflfects can improve the sense of immer-
sion 1n virtual or augment reality. Further, a greater corre- 60
lation between audio and visual rendering leads to an
improved sense ol spaciousness 1n the environment [2], [8].

In order to generate realistic sound eflects, we need the 3D
model of the environment along with the acoustic charac-
teristics ol the materials. 65

Algorithms that simulate the propagation of sound 1n a

virtual environment can be broadly divided into two major

4

classes: wave and geometric. Wave-based techniques
numerically solve the wave equation and are the most
accurate sound propagation approaches. These include
oflline approaches like the finite element method [9], adap-
tive rectangular decomposition [10], and the boundary-
clement method [11]. However, the computational complex-
ity of these techniques increases dramatically with the size
ol the acoustic space and the simulation frequency, making
them impractical for interactive applications. Other tech-
niques like the equivalent source method [12] are designed
for real-time auralization and perform considerable precom-
putation, but are in practice limited to static scenes and low
to middle frequencies (e.g., 1-2 KHz). Wave-based precom-
putation approaches have also been extended to handle
dynamic sources [13], but the memory and precomputation
cost of these 1s substantial.

On the other hand, geometric sound propagation tech-
niques are better suited for interactive applications and can
generate plausible effects. These approaches simplity the
computation of acoustic etfects by assuming that the wave-
length of sound 1s much smaller than the size of primitives
in the scene. As a result, they are less accurate at low
frequencies, where wave ellects become more prominent.
Image source methods [14], beam tracing [135] and frustum
tracing [16] have been proposed for computing specular
reflections, while Monte Carlo path tracing 1s commonly
used for computing diffuse retlections [16], [17], [18], [19].
Geometric techniques tend to approximate diffraction as a
special case of sound transport. The uniform theory of
diffraction (UTD) [20] 1s frequently used for interactive
applications, while the more accurate Biot-Tolstoy-Medwin
(BTM) method 1s better suited for ofiline simulation [21].
All these methods assume that a 3D geometric model of a
scene with acoustic material properties 1s given and the
resulting sounds are generated using real-world recordings
or synthesized sounds.

2.2 Acoustic Materials

The properties of an acoustic material determine how
incident sound interacts with the material: how 1t 1s reflected,
scattered, and transmitted through the material. While com-
plex bidirectional reflection distribution functions (acoustic
BRDFs) have been used to describe the retlectance of sound
with respect to the incoming and outgoing directions [22], a
lack of measured data for most material types limits their
usetiulness. More commonly, the reflection characteristics of
an acoustic material are specified using a frequency-depen-
dent absorption coethicient a=[0, 1] that determines the
fraction of incident sound pressure absorbed with each
reflection [4]. a 1s generally a function of the incident angle,
0., though 1t 1s common to 1nstead average o.(0,) over 0, to
compute the random incidence absorption coeflicient, o, , ..
This value 1s commonly measured according to ISO 354
[23]. A sheet of the material to be tested 1s placed 1n a
reverberation chamber with a known reverberation time.
The change in reverberation time with the material present
1s used with the Sabine equation to estimate o, _, .. A table
of measured sound absorption coellicients for 66 common
architectural maternial types can be found 1n [3]. The absorp-
tive properties of a surface can also be described by the
sound energy reflection coeflicient, R=VI-a. An example
optimization approach described herein 1s formulated 1n
terms of R, rather than c.

Other models have been proposed for calculating sound
scattering. The simplest use a single frequency-dependent
scattering coeflicient s&[0, 1] that indicates the fraction of
incident sound that 1s scattered [24]. Usually a Lambertian
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distribution 1s assumed for the scattered sound. The remain-
der of the sound energy (1-s) 1s specularly retlected.

Many algorithms have been proposed to optimize the
acoustic parameters for computer-aided design [25] or esti-
mate the acoustic properties of real world scenes for inverse
sound rendering [26], [27]. Recently, a genetic algorithm has
been proposed to estimate the material properties of an
existing room so that 1t matches measurements [28]. How-
ever, this process 1s time-consuming and requires many
iterations. An example approach described herein shares the
same theme 1n terms of using acoustic measurements and 1s
most similar 1n formulation to [26], but an example approach
described herein 1s also able to handle diffuse reflections,
diffraction, real-world measured IRs, and is robust to mea-
surement noise.

2.3 3D Reconstruction

3D model reconstruction remains an active area of
research 1 computer vision [29]. Many reconstruction
approaches use two or more camera images of the same
scene to estimate its structure. Passive methods use RGB
images ol a scene, while active reconstruction methods are
based on projecting a structured light pattern into the scene
[30], [31]. By analyzing the deformations of the light source
with respect to the projected pattern, pixel correspondences
can be found and used to compute high-quality depth maps.
The relative transformation of the cameras 1s either known
or estimated from 1image features. The Iterative Closest Point
algorithm [32] aligns the depth image for a given frame with
the structure of previously captured data, while Structure
from Motion approaches match feature points (e.g., SIFT) 1n
the 1mages to estimate the camera poses. The depth infor-
mation in the images 1s then fused to generate a 3D mesh in
a global coordinate system. High-level plane primitive mod-
els can be used to improve the quality of the reconstruction
[33]. Some of the criteria for 3D model reconstruction for
sound rendering are different than for visual rendering. For
example, 1t 1s 1mportant to ensure layouts are good [34] and
that resulting models are watertight with no holes [35], [36].
Furthermore, we may not need to reconstruct many small
teatures of real-world scenes. Previous work has shown that
approximate mesh data can be suilicient to simulate the main
acoustic characteristics of a virtual space [37], [38].

2.4 Visual Material Segmentation

Given an 1mage of a scene, material segmentation
approaches use visual characteristics to determine a material
type for each pixel in the mmage. [39] combines both
low-level (e.g., color) and mid-level (e.g., SIFT) image
features trained 1n a Bayesian framework and achieve mod-
crate material recognition accuracy. By using object and
material recognition together, i1t has been shown that recog-
nition results can be improved [40]. The most recent tech-
niques are based on convolutional neural networks (CNNs)
[41]. The Materials 1n Context Database (MINC) 1s a notable
example where CNNs were trammed for classification of
material patches [42]. Context within the patches 1s used to
improve the classification results, and these CNN classifiers
were combined 1n a conditional random field (CRF) frame-
work to perform segmentation and material recognition on
every pixel in an 1mage. An example approach described
herein builds on this work and extends these ideas to
classification of acoustic materials 1n 3D reconstructions of
real-world scenes.

In accordance with some aspects of the present subject
matter described herein, mechanisms, processes, algorithms,
or systems may be provided for generating virtual acoustic
eflects 1n captured 3D models of real-world scenes for
multimodal augmented reality. Further, mechanisms, pro-
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cesses, algorithms, or systems may be provided for auto-
matically computing acoustic material properties associated
with materials in the real-world scene. For example, one
aspect described herein involves applying CNNs to estimate
acoustic material properties, including frequency-dependent
absorption coeflicients, that may be used for interactive
sound propagation. Another aspect described herein
involves an iterative optimization algorithm for adjusting the
materials or acoustic properties thereof until a virtual acous-
tic simulation converges to measured acoustic impulse
responses (IRs), e.g., recorded IRs at the real-world scene.
Using various aspects described herein, automatic compu-
tation of acoustic material properties from 3D reconstructed
models for augmented reality applications may be per-
formed ethiciently and eflectively.

Retference will now be made 1n detail to various embodi-
ments of the subject matter described herein, examples of
which may be illustrated in the accompanying drawings.
Wherever possible, the same reference numbers will be used
throughout the drawings to refer to the same or like parts.

FIG. 1 1s a diagram 1llustrating an example node 102 (e.g.,
a single or multiple processing core computing device) for
supporting source and/or listener directivity 1n a wave-based
sound propagation model. Node 102 may be any suitable
entity, such as one or more computing devices or platiorms,
for performing one more aspects of the present subject
matter described herein. In some embodiments, components,
modules, and/or portions of node 102 may be implemented
or distributed across multiple devices or computing plat-
forms.

Node 102 may include a communications interface 104, a
shared memory 106, and one or more processor cores 108.
Communications interface 104 may be any suitable entity
(e.g., a communications mterface and/or a data acquisition
and generation (DAG) card) for receiving and/or sending
messages. For example, communications interface 104 may
be iterface between various nodes 102 1 a computing
cluster. In another example, communications interface 104
may be associated with a user interface or other entity and
may receive configuration setting and/or source data, such as
audio information, for processing during a sound propaga-
tion model application.

In some embodiments, communications interface 104 or
another component may be configured to identily or select
a processor core 108 for processing or analysis and/or
information for storage. For example, communications inter-
face 104 may receive mformation from another node 1n a
cluster and may determine that a particular processor core
108 should process the received information. In another
example, communications interface 104 may store informa-
tion 1n shared memory 106 and the stored information may
be retrieved later by an available processor core 108.

Shared memory 106 may be any suitable enfity (e.g.,
random access memory or flash memory) for storing sound
propagation information, acoustic classification nforma-
tion, various algorithms, measured impulse responses for
various real-world scenes, simulated impulse responses for
3D models of real-world scenes, and/or other information.
Various components, such as communications interface 104
and software executing on processor cores 108, may access
(e.g., read from and/or write to) shared memory 106.

Each of processor cores 108 represents any suitable entity
(e.g., a physical processor, a field-programmable gateway
array (FPGA), and/or an application-specific integrated cir-
cuit (ASIC)) for performing one or more functions associ-
ated with sound propagation modeling, acoustic classifica-
tion, and/or related acoustic optimization. Processor cores
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108 may be associated with a sound propagation model
(SPM) module 110. For example, SPM module 110 or

soltware therein may be executable by one or more proces-
sor cores 108.

SPM module 110 may be configured to use one or more
techniques (e.g., geometric acoustic techniques and/or
numerical acoustic techniques) for modeling sound propa-
gation 1n one or more environments. Existing techniques for
modeling sound propagation can be broadly classified into
geometric and wave-based techniques. Example sound
propagation techniques usable by SPM module 110 may
include a fimite element method, a boundary element
method, an equivalent source method, various spectral meth-
ods, or another technique described herein.

In some embodiments, SPM module 110 may be config-
ured for performing acoustic classification and/or optimiza-
tion related to real-world scenes. In some embodiments,
acoustic classification and/or optimization may involve
determining acoustic material properties associated with a
real-world scene. For example, SPM module 110 or related
algorithms may obtain an acoustic response 1n a real-world
scene, generate a 3D virtual model of the real-world scene,
determine acoustic material properties of surfaces 1n the 3D
virtual model using a visual material classification algorithm
to 1dentily materials 1n the real-world scene that make up the
surfaces and known acoustic material properties of the
maternials; and use the acoustic response in the real-world
scene to adjust the acoustic material properties.

In some embodiments, SPM module 110 may be config-
ured to work 1n parallel with a plurality of processor cores
108 and/or nodes 102. For example, a plurality of processor
cores 108 may each be associated with a SPM module 110.
In this example, each processor core 108 may perform
processing associated with modeling sound propagation for
a particular environment. In another example, some nodes
102 and/or processing cores 108 may be utilized for per-
tforming 3D reconstructions of real-world scenes and other
nodes 102 and/or processing cores 108 may be utilized to
determine acoustic material properties by using one or more
optimization algorithms and the 3D reconstructions.

It will be appreciated that FIG. 1 1s for illustrative
purposes and that various nodes, their locations, and/or their
functions may be changed, altered, added, or removed. For
example, some nodes and/or functions may be combined
into a single entity. In a second example, a node and/or
function may be located at or implemented by two or more
nodes.

FI1G. 2 1s a diagram 1llustrating aspects associated with an
example approach 200 for determining acoustic material
properties associated with a real-world scene. Referring to
FIG. 2, approach 200 may involve generating 3D recon-
structions of real-world scenes (a) and (b), using deep
learning matenal classifiers applied to RGB camera images,
(¢); and optimizing material absorption coeflicients to gen-
crate sound propagation eflects that match acoustic mea-
surements of the real-world scene using a simple micro-
phone and speaker setup, (d). In some embodiments,
synthetic sound eflects may be combined with visual ren-
derings of captured models for multimodal augmented real-
ity.

In some embodiments, approach 200 or a related
approach described herein may be used for automatically
determining the acoustic material properties of 3D-recon-
structed real-world scenes for multimodal augmented reality
applications. For example, an example using aspects
described herein may build on recent advances in computer
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vision 1n terms of 3D scene reconstruction and may augment
them with acoustic measurements of the reverberation time.

In some embodiments, approach 200 or a related
approach described herein may utilize a CNN for classitying
materials in a real-world scene. For example, a CNN may be
used to analyze 1mages of a real-world scene for various
materials 1 the real-world scene and may use the result of
the analyses to classily the materials associated with each
triangle of the 3D reconstructed model (Section 3.1). In this
example, the materials may be used to 1nitialize an optimi-
zation algorithm that iteratively adjusts the frequency-de-
pendent absorption coeflicients until the resulting acoustic
simulation (e.g., computed using path tracing) 1s similar to
measured acoustic data (e.g., recorded impulse responses)
from the real-world scene (Section 3.2). Continuing with the
example, the resulting 3D model and the acoustic material
characteristics are used to simulate realistic sound propaga-
tion eflects for augmented reality.

3 Acoustic Materials for Reconstructed Scenes

In this section, sound propagation aspects for 3D recon-
structions of real-world scenes are discussed. FIG. 3 1s a
diagram 1llustrating aspects associated with an example
acoustic classification and optimization approach 300.
Referring to FIG. 3, approach 300 includes generating a 3D
reconstruction of a real-world scene from multiple camera
viewpoints, performing a visual material segmentation on
camera 1images of the real-world scene, thereby producing a
material classification for each triangle 1n the scene, and
performing material optimization to determine appropriate
acoustic material properties for the materials in the real-
world scene. In some embodiments, results from approach
300 may include a 3D mesh with acoustic materials that can
be used to perform plausible acoustic simulation for aug-
mented reality.

In some embodiments, approach 300 or a similar
approach may utilize a dense 3D triangle mesh that has been
reconstructed using traditional multi-camera computer
vision approaches. We assume that the mesh 1s mostly free
of holes and other reconstruction errors. Approach 300 or
another approach may also mvolve applying a CNN-based
maternal classifier to each of the RGB camera images from
the reconstruction to determine the probability that materials
from a known database are present. The materials 1n each
image may be projected onto the 3D mesh and the most
likely material may be chosen for each material patch, where
the patches may be generated using a 3D superpixel seg-
mentation algorithm. If acoustic measurements of the real-
world scene (e.g., recorded audio samples) are available, this
material information may be used to initialize an optimiza-
tion algorithm that i1teratively refines the materials and/or the
acoustic properties thereof so that virtual sound propagation
output matches these acoustic measurements. In some

embodiments, approach 300 or a sitmilar approach may yield
a 3D mesh and a set of materials that can be used for sound
propagation and can generate virtual sounds that match
those 1n the real environment.

In some embodiments, a material optimization algorithm
usable 1n approach 300 or a similar approach may include a
sound propagation simulation phase for performing sound
propagation simulation at locations in 3D model that corre-
sponds to measurement locations for acoustic measurements
of the real-world scene and a material estimation phase for
changing acoustic material properties used in the sound
propagation simulation, whereas the optimization algorithm
may continuing alternating between these phases until the
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simulation matches (or approximately matches) acoustic
measurements of the real-world scene or other termination
conditions are met.

In some embodiments, capturing acoustic characteristics
or measurements of real-world scenes 1s designed to be 5
simple and practical. In particular, assumptions about cap-
tured acoustic data may be used to ensure that the optimi-
zation algorithm can compute the absorption coeflicients
quickly. Furthermore, simple acoustic sensors (e.g., a simple
microphone and speaker) may be used to capture the 10
impulse responses of real-world scenes.

3.1 Visual Material Classification for Acoustics

In some embodiments, approach 300 or a similar
approach may utilize a visual material classification algo-
rithm that uses camera images of a real-world scene to 15
determine materials and/or acoustic properties thereof. For
example, an example visual material classification algorithm
or technique may use the visual appearance of a real-world
scene to estimate the acoustic material properties of the
primitives. In this example, a strong correspondence 20
between the visual appearance of a surface and 1ts acoustic
material may be assumed. For example, 1f a surface appears
to be like brick, 1t 1s likely to have acoustic properties similar
to the measured acoustic characteristics of a brick (e.g., to be
highly retlective). The basis of an example visual material 25
classification algorithm described herein 1s the Materials 1n
Context Database (MINC) and 1ts classifier models that have
been trained for 23 common material categories [42]. From
these 23 categories, a subset of 14 that are likely to be
encountered in real-world scenes may be selected and mate- 30
rial categories that are less relevant for acoustic simulation
(e.g., hair, skin, food) may be 1gnored or discarded. In some
embodiments, each of the categories with measured data
may be associated with similar acoustic material types from
[3]. For example, the MINC “brick” material category may 35
be matched with the measured absorption coetlicients for the
“unpainted brick™ acoustic material. When there 1s not a
one-to-one mapping between the visual material categories
and the acoustic material data, the most similar acoustic
material 1n the database may be. This process may be 40
performed once per material category. The resulting table of
maternal categories and their associated acoustic materials
are summarized in FIG. 4.

FIG. 4 1s a diagram 1llustrating example material catego-
ries and absorption coetflicient data 400. Referring to FIG. 4, 45
material categories and absorption coeflicient data 400 1s
depicted 1 a table format and may be used for various
classification approaches described herein. As depicted 1n
FIG. 4, for each of the visual matenal categories, a similar
acoustic material and 1ts absorption coeflicients were chosen 50
from [3]. For the “Ceramic” and “Plastic” categories, there
was no suitable measured data available so a default absorp-
tion coetlicient of 0.1 was assigned for all frequencies.

The MINC CNNs were trained on material patches clas-
sified by human workers on Amazon Mechanical Turk. [42] 55
has shown that context, 1.e., the 1mage content surrounding
a point of interest, 1s important in accurately classitying the
materials 1n an 1mage. For this reason, we choose to use
images ol real-world scenes as the input to the classification
pipeline since they contain the necessary context informa- 60
tion. For 3D scene reconstruction, a structured-light RGBD
camera 1s used to capture the 1mages of the scene.

These 1mages may be used as the mput to an example
visual material classification algorithm described herein.
Using the approach of [33], a 3D triangle mesh may be 65
generated for the scene with the color specified per-vertex.
As part of the reconstruction, the camera projection matrix
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for each 1mage may be available. These matrices may be
used to project the computed materials onto the mesh.

In some embodiments, an example visual material clas-
sification algorithm described herein may be applied to each
of the RGB camera images independently. A variant of the
sliding-window approach detailed in [42] may be used to

apply the MINC trained Googl.eNet [43] to a grid of
locations 1n each input 1mage. The input to the network 1s a
square 1mage patch centered at the test location of size
p=dx256/1100 where d 1s the smaller of the image dimen-
sions. The patches are extracted from the input image and
scaled to 224x224 resolution. The mean of the patch 1s
subtracted before 1t 1s passed through the CNN. At each test
location, the CNN classifier predicts a probability for each
matenial category. This grid of test locations 1s used to
generate probability maps for all of the material categories.
The probability maps are low-resolution images indicating
the probability that a given matenal type i1s present at a
position 1n the original 1mage. The results are bilinearly
filtered to the original image resolution and padded with
zeros to maintain alignment before they are used to generate
a final probability map for each camera image and material
category.
3.1.1 Patch Segmentation

In some embodiments, after performing a visual material
classification using camera images, approach 300 or a simi-
lar approach may determine the segmentation of material
patches that should be used for the reconstructed 3D triangle
mesh. These patches may be localized groups of triangles
that are assumed to be the same maternial. A 3D version of the
SLIC superpixel segmentation algorithm [44] and the vertex
colors computed during reconstruction from the RGB
images may be used in determining the segmentation. For
example, when clustering triangles rather than voxels, tri-
angles may be clustered according to the interpolated color
of each triangle’s centroid. In some embodiments, a first step
in the SLIC algorithm 1s to convert the RGB color for each
triangle centroid to the LAB color space. Then, the initial
superpixel cluster centers in 3D space may be determined by
sampling the bounding box of the mesh at regular interval s
on a cubic grid. The sampling 1nterval s may be determined
using the relation s=(V/k)1/3, where V 1s the volume of the
mesh’s bounding box and k 1s the desired number of cluster
centers. The 1mitial color values for the cluster centers may
be chosen to be the colors of the nearest triangle centroids.
Thus, each cluster and triangle 1s described by an (X, Y, Z,
L, A, B) tuple.

In some embodiments, after identifying triangle clusters,
a SLIC algorithm or similar algorithm may 1teratively refine
the clusters until the maximum error for all clusters 1s lower
than a threshold or until the algorithm converges. For
example, each cluster may consider all triangles within a 2
sx2 sx2 s region around the center point imn 3D space. The
distance 1n XYZLAB space between the triangle centroid
and cluster center may be computed according to the stan-
dard SLIC distance metric, and the cluster label for each
triangle may be chosen to be the cluster with the smallest
distance. Then, the XYZIL AB cluster centers may be recom-
puted as the average of all triangle centroids that belong to
a cluster. The residual error between the old and new cluster
centers may be determined using the L2 norm in XYZLAB
space. If the error 1s less than a threshold or if the error
converges, the algorithm may terminate. In some embodi-
ments, the result a SLIC algorithm or similar algorithm may
include a collection of material patches that tend to closely
match the visual features and boundaries in the recon-
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structed mesh. These patches may be used by an example
material optimization algorithm described herein (Section
3.2).
3.1.2 Material Projection

In some embodiments, approach 300 or a similar
approach may generate a 3D triangle mesh using 2D clas-
sification results associated with a visual material classifi-
cation algorithm. For example, 2D classification results for
all 1mages may be combined and applied to the recon-
structed 3D triangle mesh. For each patch 1n the mesh, an
accumulator p, may be created, initially set to zero, that
stores the probability that the patch has the 1th maternial type.
Next, the material probabilities present 1n each 1image may
be projected into the scene with the camera projection
matrix. For example, this operation may be performed by
tracing a ray for each image pixel. The patch intersected by
the ray may be updated by sampling from the probability
map for the 1th matenal type, and then the sampled prob-
ability may be added to p,. After this step has been carried
out for every input image, the determined material for each
patch may be the material with the largest p,. By combining
the results from many mput images that are likely to have
significant overlap, more robust material classification can
be achieved than by using the results from a single 1mage.
Additionally, pooling the p, for each material patch rather
than for each triangle generates more robust material clas-
sifications that follow patch boundaries and are more likely
to match the visual features of the mesh.
3.1.3 Mesh Simplification

In some embodiments, a final step 1n preparing a recon-
structed mesh for acoustic simulation may involve simpli-
tying a dense triangle mesh. For example, dense 3D recon-
structions frequently have triangles that are smaller than the
smallest audible wavelength of 1.7 cm, given by the speed
of sound in the air and human hearing range. However,
geometric sound propagation algorithms are generally more
accurate when surface primitives are larger than audible
sound wavelengths. Therefore, an acoustic mesh simplifi-
cation technique [19] may be applied to the dense 3D mesh
and 1ts material properties to increase the size of surface
primitives and to reduce the number of edges for difiraction
computation. The simplification algorithm may nvolve a
combination of voxel remeshing, vertex welding, and the
edge collapse algorithm to reduce the model complexity.
Boundaries between the patches may be respected by the
simplification so that no additional error 1s introduced. In
some embodiments, a simplification algorithm may result 1s
a mesh that 1s appropriate for geometric sound propagation.
3.2 Acoustic Material Optimization

While wvisual material classification algorithms can
achieve good results for visually salient materials (e.g., brick
and grass), other material types may be ambiguous (e.g.,
painted walls) or not included in the training set. Further-
more, the materials for occluded areas in the scene are also
unknown. At the same time, these occluded areas contribute
to the acoustic effects due to retlections and diffraction. In
addition, when applied to acoustic matenal classification,
the techmques developed for visual materials do not con-
sider non-visual properties like density and the presence of
hidden resonant cavities 1n the scene that can also aflect the
acoustic characteristics. The thickness and rigidity of walls
also influence how sound propagates and these properties
cannot be determined visually. As a result, a visual material
classification algorithm used on the surfaces in a scene may
not accurately classily the acoustic materials. Even 11 accu-
rate material segmentation and classification information 1s
known, the resulting sound simulated using that information
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may not match the real-world scene because the measured
acoustic material data that 1s assigned to each material does
not necessarily generalize to arbitrary scenes. Another 1ssue
1s that holes 1n the 3D reconstructed mesh can cause the
sound to ‘leak’ out of the scene, unnaturally decreasing the
reverberation time. This problem can be mitigated by auto-
matic hole-filling techmiques [45], [46], but they do not
always produce a correct result and can introduce other
meshing errors.

In some embodiments, 1n order to overcome these 1ssues,
captured acoustic measurements, €.g., impulse responses
(IRs), 1n the real-world scenes may be used. For example,
approach 300 or a similar approach may use a second
pipeline stage that optimizes the visually-classified material
properties, computed using the algorithm in Section 3.1, so
that the resulting acoustic simulation more closely matches
the IRs of acoustic measurements taken from the real-world
scene. In some embodiments, reverberation time, RT60, and
Sabine reverberation equation may be used to globally
modily the absorption coeflicients to match the measured
RT60. However, the Sabine model may be only valid for
rectangular rooms and does not consider other important
quantities like the ratio of direct to late sound energy. The
RT60 may also vary little throughout an environment, and so
it may not provide much information about the spatial
locality of absorption. As a result, an approach based on
matching only the RT60 may yield large errors with respect
to other perceptually relevant metrics.

In some embodiments, an example optimization algo-
rithm usable in approach 300 or another approach may
optimize the sound energy reflection coethicient R for each
material patch and simulation frequency band using an
iterative least-squares approach in order to minimize the
error between energy-time histograms from the simulation
and energy-time histograms from measured IRs. In such
embodiments, by using measured IRs from a real-world
scene during optimization, the example optimization algo-
rithm may be capable of optimizing materials for sound
rendering in real-world scenes.

By using measured IRs, an example optimization algo-
rithm described herein improves on several significant limi-
tations of a prior approach 1n [26]. For example, the
approach 1n [26] makes the assumptions that all reflections
are specular, that there 1s no significant difiraction, that all
sound propagation paths are discrete and known to the
optimization system, and that there is a one-to-one corre-
spondence between the paths 1n the optimized and target
IRs. These assumptions 1 [26] can only be satisfied 11 the
optimization target IR 1s computed using the same simula-
tion that 1s used during optimization, which 1s not the case
for measured IRs. In addition the approach of [26] only
considers the early reflections computed via beam tracing
and so 1t cannot optimize the late reverberation present 1n
real-world scenes that involves high-order diffuse reflec-
tions. These limitations prevent the method 1n [26] from
optimizing acoustic materials to match real-world measure-
ments.

3.2.1 Acoustic Measurements

In some embodiments, the target of an example optimi-
zation algorithm described herein 1s a collection of impulse
response measurements from the real-world scene. For each
IR measurement, there 1s a corresponding source and listener
placed within the virtual reconstructed 3D mesh. The target
measured IR for a single source/listener pair may be given
by the time-domain signal HT (t), while the IR computed in
the virtual scene for the same source/listener pair may be
given by the signal HS (t). To use these IRs 1n an example
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optimization approach described herein, the first step 1s to
filter them 1into the frequency bands used for the sound
propagation simulation. This yields HT, 1 (t) and HS, 1 (t) for
frequency band 1. Then, the Hilbert Transtorm 1s applied to
extract the pressure magnitude envelope from the filtered
IRs [47]. The square of the IR envelope then yields the
energy-time curve for each impulse response, indicating the
distribution of sound energy over time. The energy-time
curve for the target and simulated impulse responses and
frequency band 1 are given by T1(t) and Si{t) respectively.
The high-level goal of the optimization algorithm 1s to
mimmize the error between S1(t) and T1(t). Since the number
of time samples in the IRs may be on the order of 10°, it is
necessary to perform the optimization at a lower sampling,
rate than the audio rendering sample rate to reduce the size
ol the optimization problem and increase 1ts robustness. This
1s done by binning the energy present in the energy-time
curves to produce energy-time histograms S, and T,, where
b 1s the bin index. Thus, an example optimization algorithm
described herein 1n practice minimizes the error between S,
and T,,. The energy for bin b in each IR may be given by:
Sep=2,ep0Aty) and T.,=2, -, T(t,). The bin size L 1s a
parameter that determines the time resolution of the opti-
mization and 1t impacts the robustness, convergence, and
performance. We used L=10 ms.
3.2.2 IR Registration

In some embodiments, on each iteration of an example
optimization algorithm described herein, the simulated IR
must be registered with the measured target IR so that it has
the same time alignment and similar amplitude. This may be
useful for correct operation of an example optimization
algorithm described herem. It bins S,, and 1., do not
correspond to the same time window 1n the IR, then the error
between them can be very large and this can lead to incorrect
results as the error grows on subsequent iterations. To rectify
this, we propose a method for registering the IRs that 1s
robust to the presence of noise in the measured IR. The
registration operation 1s performed independently for every
frequency band and at each optimization iteration. The first
step 1s to compute the cross correlation between the IRs at
every time oflset. The simulated IR 1s then shifted 1n time to
the oflset where the cross correlation 1s highest. Once the
IRs have been time aligned, the amplitudes may be matched.
A significant problem with matching them robustly 1s that
the signal-to-noise ratio (SNR) of the measured IR may be
poor due to the presence of ambient noise. This noise
produces incorrect registration which can lead to poor
optimization performance. As a result, we only consider the
bins in the IRs that have energy over the noise floor for both
IRs. Given a signal-to-noise ratio for each IR, SNR ., and
SNR ., we determine the noise floors to be

max(f (1))
SNRr

max(S (1))
SNR¢

er = and ¢ =

For example, in the case of some measurement data,
SNR ,~10* and SNR .=. Then, an energy scale factor A for
the simulated IR that minimizes the L, error between all bins
1.,>erand S, >¢e ¢ 1s computed using a least-squares solver.
Se, 1s multiplied by A to yield a simulated IR that 1s
registered to the target measured IR. The registered IRs may
be used on each 1teration of an example optimization algo-
rithm described herein to estimate the error for each IR bin.
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3.2.3 Acoustic Simulation

In some embodiments, an example optimization algo-
rithm described herein may involve the incorporation of
sound transport information from virtual simulations within
the scene’s 3D reconstruction. We use a ray-based geometric
sound propagation system that computes S (t) directly as the
sum of many individual ray paths, e.g., SA{t)=20(t-t)I,
where [, -1s the sound 1ntensity for path j and frequency band
t, t; 1s the propagation delay time for path j, and 0(x) 1s the
Dirac delta function. Along with S,,, the sound propagation
system also computes a weight matrix, W, for each fre-
quency band. W, has rows corresponding to the impulse
response bins and columns corresponding to the material
patches present in the scene. For IR bin b and patch m, the
entry of W, may be given by

Efj’fdj’m
Efj',f

W§ bm =

where d; ,, 1s the number of times that path j hit material
patch m during its scene traversal. Therefore, w,,,, repre-
sents the average number of reflections from patch m for all
paths that arrived at the listener during bin b, weighted
according to the sound intensity of each path. Essentially, W,
encodes the amount of influence each material patch has on
every IR bin. The weight matrix 1s used during the optimi-
zation procedure to estimate the best changes to make to the
material patches to minimize the error between S, and 1,,.
The error in decibels for bin b between the simulated and
target IRs may be given by E,,=dB(1,,)-dB(S,,) where

dB(x) = hjgm(%)

and I, 1s the reference sound intensity.
3.2.4 Solver System

In some embodiments, In the case where there 1s just one
sound propagation path per bin in the impulse response, the
energy for a simulated impulse response bin may be given
by:

P (1)
Sfh = m]] R

where P 1s the sound source’s power, N 1s the number of
primary rays emitted from the source, and R ., 1s the fre-
quency-dependent energy reflection coellicient encountered
along path j at reflection bounce d. Converting S, to
decibels by taking the logarithm allows the energy to be
expressed as a linear combination of the logarithm of
reflection coeflicients:

P

dB(Sy,5) = dB( ;— |+ > dB(Ryz)
d

(2)

In the approach of [26], this relationship 1s used to directly
solve for the retlection coethicients that produce dB(S,, )~dB
(I'z,) 1n a least-squares sense. Given the weight matrix W,
obtained during the simulation, the system of equations
solved by [26] 1s roughly:
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P (3)
W:dB(R;) = dB(T;) — dB(4HN)

where R, 1s a vector of the retlection coeflicients for each
material patch, and '1,1s a vector of the energy for the bins
of the target impulse response. After solving for dB(R ), the
reflection coeflicients can be directly determined by invert-
ing the decibel transform. This formulation requires a one-
to-one correspondence between the propagation paths 1n the
simulated and target impulse responses and so cannot be
used 1n the presence of diffuse reflections or diffraction
because these phenomena introduce scattering that “blurs™
the boundaries between paths. Their approach also requires
accounting explicitly for the effects of additional acoustic
phenomena such as air absorption. In addition, since 1t 1s
difficult to extract discrete paths from a measured impulse
response, especially for late reverberation, the techmque of
[26] cannot be applied to real-world measurements.

To handle these problematic cases, we reformulate the
optimization problem as an approximate iterative algorithm.
In the general case where many paths are assigned to the
same bin, the energy 1n each bin of the simulated IR may be

given by:

P (4)

Stp = —2; IR
Th = =

This produces a non-linear system ol equations that is
difficult to handle accurately within the framework of [26].
Therefore we make the assumption that most of the paths 1n
the same bin will hit a similar number of patches during the
scene traversal. While this assumption introduces some
error, 1t allows the use of a similar least-squares formulation.
Rather than solving directly for the reflection coeflicients,
we 1nstead 1teratively estimate the change 1n decibels to each
reflection coellicient that mimimizes the error between the
simulated and target IRs. This enables an example optimi-
zation algorithm described herein to automatically handle a
wider range of acoustic phenomena and means that it 1s
robust to external influence from noise. The system solved
on each iteration may be given by:

WAB(AR)=E, (3)

where dB(AR ) 1s a vector of the change in decibels for each
patch’s reflection coeflicient, and ':fis a vector of the error
between the simulated and target IRs 1n decibels for all IR
bins. The reﬂec‘[lon coellicients are then updated on each
iteration by R, = fmAR . 'To enforce physical plausibil-
ity, the reﬂectlon coellicient should be constrained to the
range [R, . .R ] encountered for typical real-world mate-
rials. We use R =0.3 and R =0.999. For other applica-
tions (e.g., architectural acoustics) 1t may be useful to apply
additional constraints on material placement.

This approach can be easily extended to handle the case

where there are multiple measured IRs. I ij 1s the weight

matrix computed for IR 1, then the final weight matrix W

used to solve the system for all IRs 1s formed by vertically
concatenating the rows of each W /. Similarly, if E/ is the
error 1n decibels for IR 1, then the ﬁnal error vector Jfls the
vertical concatenation of the various F I . The final optimized
materials may then incorporate mformatlon from every
measured IR.
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3.2.5 Optimization
In some embodiments, an example iterative constrained
least-squares optimization algorithm described herein may
begin with the 1nitial materials for every patch in the scene
as determined in Section 3.1 and an 1iterative constrained
least-squares solver to modily the materials so that the
simulation better matches the real-world scene. In some
embodiments, steps at each iteration of an example optimi-
zation algorithm described herein may be summarized
below:
1) For each IR 1n the scene, build the solver system:
a) Compute simulated energy-time curve S(t) and weight
matrix W,

b) Register simulated IR S(t) to target measured IR T(t).

¢) Bin S(1) and Tf(t) into energy-time histograms S, and
1., with bin size L.

d) Compute E.,, the error in decibels between S., and
T,,.

2) Sféﬁve least-squares system to get change 1n reflection
coeflicients, AR,

3) Apply AR
straints.

4) Check termination conditions.

The algorithm terminates once a maximum number of
iterations elapsing, 1f the average per-bin error 1s less than 1
decibel, or the algorithm converges to a local minimum.

4 Implementation

In this section, an example implementation of approach
300 contaiming various aspects described herein 1s dis-
cussed.

3D Model Reconstruction: In some embodiments, a 3D
reconstruction of each real-world scene (e.g., a room) may
be generated using a few hundred RGB-D images captured
with a Microsoit Kinect at 640x480 resolution. The recon-
struction algorithm may utilize high-level plane primitive
constraints and SIFT features [33] to compute the 3D
triangle mesh that 1s used as an iput by our acoustic
classification and optimization algorithm. The captured
images may also be used as the input to a visual material
classification algorithm described herein. In some embodi-
ments, all material classifications may be performed using
the Cafle deep learning framework [48] and MINC patch
classifier models [42] on an Nvidia GTX 960.

Sound Propagation and Rendering: FIG. § 1s a diagram
illustrating an overview of an example sound propagation
and rendering system 500. Referring to FIG. 5, system 500
may 1include separate modules (e.g., software or logic
executing on one or more processors) for computing sound
propagation using different methods or techniques. For
example, system 500 may compute sound propagation for a
virtual scene based on a real-world scene using separate
modules for specular early reflections, diflraction, and path
tracing. The result computed by system 500 may be aural-
ized using a combination of delay interpolation for direct
and early reflections paths, as well as convolution with the
impulse response for late reverberation. HRTF-based spatial
sound may be applied to direct and early paths, while
vector-based amplitude panning may used for an impulse
response. In some embodiments, the propagation path com-
putation may also used by the optimization algorithm in
Section 3.2.

In some embodiments, a combination of the image source
method for specular early reflections [14], diffuse path
tracing for late reverberation [17], [19], and the UTD
diffraction model for approximating edge diffraction [20]
may be used 1n computing sound propagation. In some
embodiments, sounds 1n system 500 may be computed 1n 8

octave Irequency bands centered at 63.5 Hz, 125 Hz, 250

to material patches R, enforcing con-
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Hz, 500 Hz, 1 kHz, 2 kHz, 4 kHz, and 8 kHz. The paths
computed by the underlying propagation algorithm may be
used 1n a material optimization algorithm described herein.
The result of sound propagation may include an impulse
response for every source and listener pair 1in the scene. The
impulse response may be spatialized using vector-based
amplitude panning [49] and the unprocessed dry source
audio 1s convolved with the IR. Perceptually important
sound paths, such as the direct and early retlection paths,
may also be computed separately from the impulse response
so that linear delay interpolation [50] and HRTF spatial
sound can be applied independently for each path. In some
embodiments, outputs of delay interpolation and convolu-
tion rendering may be mixed and then sent to the audio
device for playback over headphones.

Acoustic Measurements: In some embodiments, the
ground-truth acoustic measurements for an example optimi-
zation approach described herein may include impulse
responses at various source and listener locations 1n real-
world scenes. For example, acoustic measurements may be
captured using complimentary Golay codes [51] played
through a JBL LSR4328P speaker and captured by a Bey-
erdynamic MM1 omnidirectional measurement microphone.
An example measurement setup 1s depicted in FIG. 2 (d). In
some embodiments, acoustic measurements for each room
(e.g., scene) may take about 20-30 minutes, including the
time to setup the equipment.

In some embodiments, four impulse responses may be
measured for each scene, where the four impulse responses
correspond to 4 different speaker/microphone pairs. Each IR
may be measured 20 separate times and then the results may
be averaged to reduce the amount of noise present. These
measured IRs may be used for auralization and may also be
used during an example optimization algorithm described
herein. The positions and orientations of the microphone and
speaker with respect to the 3D reconstruction may also be
measured and entered into the simulation. In order to cor-
rectly replicate the directional characteristics of the speaker
in the sound propagation simulation, the directional transfer
function of the speaker in free space at 15 azimuths and 4
clevations may also be measured for a total of 60 measure-
ments. The magnitude response of the transier function in
the 8 octave frequency bands may be used to model the
directional speaker 1n an example simulation described
herein so that there 1s better correspondence with the mea-
sured IRs. Overall, the audio capture requirements of an
example approach described herein may be low and robust
to measurement errors from consumer audio equipment
(c.g., with nonlinear microphone or speaker Irequency
response). In situations with low background noise, the
impulse response may even be estimated by recording the
result of the user clapping their hands.

5 Results and Evaluation

In this section, results and evaluation metrics for an
example implementation of approach 300 containing vari-
ous aspects described herein 1s discussed.

An example implementation of approach 300 has been
evaluated using several indoor real-world scenes typical of
an oflice environment. The major characteristics and results
of this implementation for these scenes after being evaluated
are summarized in FIG. 8. The results for the visual material
classification used 1n this implementation are shown 1in
FIGS. 6 A-B.

FIGS. 6 A-B depict results for an example visual material
classification algorithm for four benchmark scenes. Refer-
ring to FIGS. 6 A-B, shades of grey indicate the material
category that has been assigned to each triangle of the
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reconstructed model. Each middle row (labeled “Classified
Matenals™) of FIGS. 6 A-B shows the results of our material
classification, and each bottom row (labeled “Ground-truth
Matenals”) shows the manually-generated ground-truth
classification that are used for validation. The source and
listener positions for the acoustic measurements within the
real room are shown as white and black circles, respectively.
These positions may be used to optimize the acoustic
materials present 1 the scenes.

The output of the classification approach may be com-
pared to a manually segmented mesh that 1s used as the
ground truth. Overall, about 48% of the triangles 1n the
scenes are correctly classified. For some of the materials that
are 1correctly labeled (e.g., the carpet floor in Room 229
labeled as “Stone, polished”), it 1s possible that the CNN 1s
unable to tell the diflerence between certain types of visually
similar materials. A possible explanation for these results 1s
that the mput 1image resolution used 1n an example 1mple-
mentation of aspects described herein 1s less than half of the
training 1mages for the MINC dataset (1100 px vertical
dimension), and the RGB images contain lots of noise. There
1s not enough salient high frequency information 1n the mput
images for the CNN to detect all of the material types.
Another shortcoming of an example automatic acoustic
material classification described herein 1s that the CNN may
not accurately predict materials that require higher-level
knowledge of the scene. For instance, some of the test rooms
contain posters on the wall that have negligible effect on the
acoustics, and so the wall material (e.g., “painted”) should
be used. However, the CNN can be confused 1n these
situations and produces incorrect predictions that cannot be
rectified without high-level knowledge of how sound propa-
gates through materials.

On the other hand, an evaluated optimization implemen-
tation used for computation of absorption coellicients pro-
duces good results. The coeflicients are used by sound
propagation and rendering system 500 described herein
(FI1G. 5) to generate 1nteractive sound eflects. The evaluated
optimization implementation 1s able to generate high-quality
sound and takes only a few minutes to compute the opti-
mized absorption coeflicients. The results of the evaluated
optimization algorithm 1s shown i FIGS. 7A-D.

FIGS. 7A-D depict results for an example optimization
algorithm for four benchmark scenes. As depicted 1n FIGS.
7A-D, energy-time curves and several standard acoustic
parameters for the measured IRs (measured) are compared
to the results before optimization (classified) and the opti-
mized results (optimized). We also show the results for
manually-segmented materials without optimization
(ground truth). The energy-time curves are presented for
four different octave frequency bands with center frequen-
cies 125 Hz, 500 Hz, 2000 Hz, and 8000 Hz. The noise floor
corresponds to the signal to noise ratio of the measured IR
for each frequency band.

Retferring to FIGS. 7A-D, energy-time histograms are
depicted for the 125 Hz, 500 Hz, 2,000 Hz and 8,000 Hz
frequency bands. For each band, measured data 1s compared
to the results produced directly after matenal classification,
as well as the final results generated by an example optimi-
zation algorithm described herein. Before optimization,
there are several significant mismatches with the measured
data, especially 1n the mid-frequency bands. This can be
partially explained by error during classification, though
another significant factor 1s the table of measured absorption
coellicients (see FIG. 4), which may not always be valid for
general scenes with various wall construction techniques.
When the classified results are compared to the ground truth
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maternials (before optimization), we observe similar error for
both with respect to the measured data. This supports the
conclusion that the material database does not match well to
the test rooms.

After optimization 1s applied, the impulse responses are
much closer to the measured data. Overall, the optimization
results are very close for the mid frequencies (500-1000 Hz),
with an average error of just 1-2 dB. At low frequencies
there 1s a substantial amount of noise in the measured data,
and the energy decay 1s not very smooth. This causes some
error when compared to the optimized results that have a
perfectly smooth energy decay curve. At high frequencies,
we observe that the measured IRs tend to decay at a
decreasing rate over time (e.g., not linear 1n decibels). This
1s most visible for Room 229 1n the 8 kHz frequency band.
Our simulation does not reproduce this effect and 1t gener-
ates completely linear decay curves. This 1s an additional
source of error that may require more sophisticated sound
propagation algorithms to rectily. Noise 1n the measured IRs
also makes 1t diflicult to precisely match the energy decay
tor the entire impulse response decay. If the noise floor 1s set
too high, then not all of the IR 1s considered during opti-
mization. If the noise floor i1s set too low, such that the
optimization considers the noise to be part of the IR, then 1t
tends to produce a result with slower incorrect decay rate.
Setting the signal to noise ratio for each IR and frequency
band 1s important for correct operation of the algorithm.

The results for several standard acoustic parameters:
reverberation time (R160), early decay time (EDT), clarity
(C80), defimition (D50), and center time (TS) are also
compared. For the RT60 and EDT, the optimized results are
close to the measured results for most frequencies, and the
average error 1s 0.08 s. There are some mismatches at low
frequencies, but these are explained by noise at the end of
the IR 1incorrectly increasing the reported decay rates for
RT60. The EDT parameter 1s less sensitive to this noise
because 1t only considers the first 10 dB of energy decay. The
C80, D30, and TS parameters consider the ratio of early to
late sound 1n different ways. The results for these parameters
are mixed. In some cases the optimized parameters are very
close to the measured data (e.g., 1 dB), but for others there
are significant differences (e.g., over 5 dB). A few errors are
caused by noise impacting the computation of the param-
eters. In particular, for the computation of C80 and D30, 1t
1s important to know the time of first arrival 1n the IR. If this
time 1s not determined accurately, it can cause significant
differences 1n the reported parameters. Overall, an example
optimization algorithm described herein 1s able to match the
measured data reasonably well, though there may be room
for future 1mprovement.

Analysis: The accuracy of an example implementation of
approach 300 may depend on four main components: the
quality of the reconstructed 3D mesh model, resolution of
the mnput 1mages and machine learning approach for matenal
classification, the database of acoustic materials, and the
sound propagation model. While we may not need to recon-
struct some small features of the scene (e.g., the door knob
or a book on the shelf), 1t 1s important that we get nearly
watertight meshes with only small holes, otherwise the
sound waves can ‘leak’ from those models. Furthermore, the
reconstruction algorithm may not capture some hidden areas
that aflect the sound propagation characteristics (e.g., hidden
resonant cavities or non-line-of-sight large objects). It 1s
important to acquire high resolution mmput images of the
scene, as that aflects the accuracy of the classification
algorithm. Ideally, we want to use classifier models that are
trained 1n terms of acoustic material categories and take 1nto
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account the relationship between the visual appearance and
the acoustic properties, but such data does not exist. As more
acoustic material databases are becoming available, we can
use them to increase the fidelity of an example visual
material classification algorithm described herein. Finally,
an example optimization approach described herein 1s based
on geometric sound propagation which may not accurately
simulate all sound phenomena. As a result, the optimization
may not produce impulse responses that are 1dentical to the
measured ones. Ultimately, we would like to use more
accurate models for sound propagation such as wave-based
methods like the Boundary Element Method, but that would
increase the computational complexity of an example opti-
mization algorithm described herein substantially. Interest-
ingly, all these four components are active areas of research
in different research communities: computer vision, leamn-
ing, acoustics, and scientific computation.

Applications: An example technique described herein has
many possible applications where it 1s useful to generate
physically-based sound eflects for real-world scenes. On
such application 1s teleconferencing. When a remote person
1s speaking, the sound from their voice can be auralized as
if they are within the room. By combining an example
technique described herein with head or face tracking, 1t may
also be possible to estimate the IR between a human voice
and microphone. This IR can be deconvolved with the
microphone audio to approximate the dry sound from the
voice. Another application 1s to use virtual sound sources to
provide feedback for an augmented reality user interface.
For example, a virtual character that 1s overlaid onto the real
world could communicate with the user. An example tech-
nique described herein may allow the character’s voice to be
auralized as 1f 1t was within the real environment. The audio
could be presented through open-back headphones that
produce virtual sound with little attenuation of the external
sound.

6 User Evaluation

In this section, results from a preliminary user study are
discussed. The study evaluates the perceptual accuracy of an
implementation of approach 300 in terms ol generating
plausible sounds 1n real-world scenes.

Study Design: In the study, sound auralized using mea-
sured 1impulse responses, referred to as measured, 1s com-
pared to the sound simulated using an example technique
described herein both before and after absorption coetlicient
optimization, referred to as classified and optimized, respec-
tively. We evaluated 2 comparison conditions: measured vs.
classified and measured vs. optimized. For each case, we
tested 2 source and listener pairs for each of the 4 scenes, for
a total of 16 comparisons. The study was conducted as an
online survey where each subject was presented with a 16
pairs ol i1dentical videos with different audio 1n a random
order and asked two questions about each pair. The ques-
tions were (a) “which video has audio that more closely
matches the visual appearance of the scene?” and (b) “how
different 1s the audio in the videos?”. The responses were
recorded on a scale from 1 to 11. For the first question, an
answer of 1 indicates the audio from the left video matched
the visuals better, an answer of 11 indicates the audio from
the right video matched the visuals better, and an answer of
6 indicates the videos were equal. On the second question,
an answer of 1 indicates the videos sounded extremely
similar, while an answer of 11 indicates the videos sounded
very different. Some research hypotheses were: (1) the
optimized case has sound with the same level of audio-
visual correlation as the measured case and better correlation
than the classified case; (2) The sound generated in the
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optimized case will be more similar to that from the mea-
sured case than the sound from the classified case.

Study Procedure: The study was completed by a total of
19 subjects between the ages of 18 and 61, made up of 17
males and 2 females. The average age of the subjects was 28,
and all subjects had normal hearing. At the start of the study,
subjects were given detailed instructions and {filled out a
demographic i1nformation questionnaire. Subjects were
required to use either headphones or earbuds when taking
the study, and they were asked to calibrate their listenming
volume using a test audio clip. Subjects were then presented
the 16 pairs of videos and responded to the questions for
cach pair. The subjects were allowed to replay the videos as
many times as needed, and they were able to move forward
and backward in the study to change their answers 1f
necessary. After rating the 16 video pairs, the study was
completed.

FIG. 8 1s a diagram 1illustrating example scene details 800
of four benchmark scenes. Referring to FIG. 8, details 800
are depicted 1n a table format and include physical dimen-

s1ons of each room (e.g., scene) and the geometric complex-
ity of the 3D reconstructed mesh models after simplification,
as well as the RT60 values computed from the IRs. Details
800 also 1nclude the amount of time the material classifica-
tion and the optimization algorithms are executed, as well as

the percentage of scene surface area correctly classified.
6.1 User E

Evaluation Results

FIG. 9 1s a diagram 1llustrating user evaluation results
900. In FIG. 9, user evaluation results 900 are depicted for
measured case versus classified case and for measured case
versus optimized case for 4 scenes and 2 questions. For
question (a), a score below 6 indicates higher audio-visual
correlation for the first method 1n the comparison, whereas
a score above 6 1ndicates higher audio-visual correlation for
the second method. For question (b), the higher the score,
the more dissimilar the audio for the two cases under
comparison. Error bars indicate the standard deviation of the
responses.

Referring to user evaluation results 900, a two-tailed
one-sample t-test across all scenes was used to test hypoth-
esis 1. For question (a), the subjects indicated the video with
the audio that more closely matched the visual appearance of
the scene. For the comparison between the measured case
and the classified case, the measured case 1s slightly pre-
ferred (p=0.038), with an average score of 5.3 across the
scenes. This indicates that the raw output of an example
classification approach described herein does not match the
visual appearance of the scene very closely. However, the
comparison between the measured and optimized cases
indicates that there 1s no preference for either case (p=0.82),
with an average score of 6.1. The low significance supports
a first hypothesis that the level of audio-visual correlation
for the measured and optimized cases 1s similar. Therefore,
an example approach described herein 1s suitable for aug-
mented reality applications that require generating virtual
audio that matches the appearance of the real-world scene.

For question (b), the audio diflerences between the 3 cases
were considered. When comparing the audio from the mea-
sured and classified case, the average user score was 9.3,
suggesting strong differences in the audio. On the other
hand, the audio from the optimized case was more similar to
the measured audio, with an average user score of 5.9. When
the second hypothesis 1s evaluated using a two-tailed
Welch’s t-test, we find that the optimized sound has much
tewer differences as compared to the measured audio than
the sound without optimization (p<0.001). This suggests that
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the optimization step 1s important for generating sound that
1s close to the real-world scene.
7 Conclusion and Future Work

The present subject matter discloses novel aspects related
to acoustic matenial classification and optimization for 3D
reconstructions of real-world scenes. One approach
described herein uses a CNN classifier to predict the mate-
rial categories for 3D mesh triangles, then iteratively adjusts
the reflection coeflicients of the materials until simulated

impulse responses matches or substantially matches corre-
sponding measured impulse responses. We evaluated this
technique on several room-sized real-world scenes and
demonstrated that 1t can automatically generate acoustic
material properties and plausible sound propagation eflects.
We used the results for multimodal augmented reality that
combines real-world visual rendering with acoustic eflects
generated using sound propagation. Initial results are prom-
1sing and we also conducted a preliminary user study that
suggests that such simulated results are indistinguishable
from the measured data.

In some embodiments, the accuracy of one approach
described herein may be governed by the sensor resolution
and underlying 3D model reconstruction algorithms. In such
embodiments, 1f the input 1images for a maternial classifica-
tion system have low resolution, one approach described
herein may not work well 1n this case. In some embodi-
ments, the size and extent of MINC matenal Categorles may
also affect results. For example, an approach of assigning
measured material data to MINC material categories can
produce incorrect results 11 the number of categories 1s small
and/or 1f the current MINC CNN model does not handle all
real-world material variation. However, a material optimi-
zation technique proposed in Section 3.2 can be usable for
adjusting the absorption coeflicients so that the stmulation 1s
more consistent with acoustic measurements from the real-
world scene. There are many avenues for future work in this
domain. Most work in computer vision has been targeted
towards 3D model reconstruction for visual rendering, and
we need different criteria and techniques for sound render-
ing, as described 1 Section 2.

It will be appreciated that there measured data corre-
sponding to acoustic-BRDFs for many real-world materials
may be lacking and that 1t would be useful to extend recent
work on visual material property acquisition [7] to acoustic
materials. It will be appreciated that one-to-one mapping
between visual material categories and acoustic material
data may not always exist. In some embodiments, acoustic
classification and optimization may be improved by training
CNN models for new material types that disambiguate
between specific acoustic material categories (e.g., pamted
vs. unpainted brick). We have only considered the effects of
the absorption/reflection coetlicient on the impulse response.
It will be appreciated that better results may be obtained by
simultaneously optimizing for other material attributes like
the scattering coethlicients, or by considering acoustic met-
rics like RT60 the early decay time (EDT) or clarity (C80)
as constraints. It will be appreciated that evaluation of larger
scenes, e.g., larger indoor scenes with varying reverberation
cllects (e.g., cathedrals, concert halls), as well as outdoor
scenes, may benefit for various aspects described herein.

FIG. 10 1s a diagram 1illustrating an example process 1000
for determining acoustic material properties associated with
a real-world scene. In some embodiments, example process
1000, or portions thereof, may be performed by or at SPM
110, processor core(s) 108, node 102, and/or another node or
module.
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In step 1002, an acoustic response 1n a real-world scene
may be obtained. For example, an acoustic response asso-

ciated with a real-world scene may be obtained using at least
one speaker to output sound and at least one microphone to
record the sound.

In step 1004, a 3D virtual model of the real-world scene
may be generated. For example, generating a 3D virtual
model may include using camera images from multiple
viewpoints or a structured-light depth camera.

In step 1006, acoustic material properties of surfaces in
the 3D virtual model may be determined using a visual
material classification algorithm to identily materials 1n the
real-world scene that make up the surfaces and known
acoustic material properties of the materials. For example,
acoustic material properties may include frequency-depen-
dent absorption coeflicients.

In some embodiments, a visual material classification
algorithm comprises performing, using images of a real-
world scene and a CNN based material classifier, a visual
material segmentation, wherein the visual material segmen-
tation indicates material classification probabilities for tri-
angles associated with the 3D virtual model; 1dentitying,
using a patch segmentation algorithm, patches associated
with the 3D virtual model, wherein each patch represents a
localized group of triangles appearing to be a same material;
and determiming, using the matenal classification probabili-
ties, material classifications for the patches, where each
material classification may be associated with predeter-
mined acoustic material properties.

In step 1008, the acoustic response in the real-world scene
may be used to adjust the acoustic material properties.

In some embodiments, using an acoustic response in a
real-world scene to adjust acoustic material properties may
comprise using an optimization algorithm that iteratively
modifies the acoustic material properties until a simulated
acoustic response of an acoustic simulation 1 a 3D virtual
model 1s similar to the acoustic response 1n the real-world
scene or until a termination condition 1s met.

In some embodiments, an acoustic simulation may
include a sound propagation model based on a specular early
diffraction method, a diffraction method, or a path tracing
method.

In some embodiments, a simulated acoustic response may
be associated with a listener position and a source position
that correspond to a listener position and a source position
associated with an acoustic response associated with a
real-world scene.

In some embodiments, a termination condition may
include a predetermined number of iterations elapsing, an
error value being equal to, less than, or more than a
predetermined value, or the optimization algorithm converg-
ing to a local minmimum.

REFERENCES

The disclosures of all of the references listed herein are

hereby incorporated herein by reference 1in their entireties.

[1] A. Harma, J. Jakka, M. Tikander, M. Karjalainen, T.
Lokki, J. Hupakka, and G. Lorho, “Augmented reality
audio for mobile and wearable appliances,” Journal of the
Audio Engineering Society, vol. 32, no. 6, pp. 618-639,
2004.

[2] P. Larsson, A. Valjamae, D. Vastfjall, A. Tajadura-
Jimeénez, and M. Kleiner, “Auditory-induced presence in
mixed reality environments and related technology,” 1n
The Engineering of Mixed Reality Systems. Springer,
2010, pp. 143-163.

10

15

20

25

30

35

40

45

50

55

60

65

24

[3] M. D. Egan, Architectural Acoustics. McGraw-Hill Cus-
tom Publishing, 1988.

[4] H. Kuttrull, Acoustics: An Introduction. CRC Press,
2007.

[5] H. S. Seddeq, “Factors influencing acoustic performance

of sound absorptive matenials,” Aust. J. Basic Appl. Sci,
vol. 3, no. 4, pp. 4610-7, 2009.

[6] J. H. Rindel and C. L. Christensen, “Odeon, a design tool
for noise control in indoor environments,” 1 Proceedings
of the International Conference Noise at work. Lille,
2007.

7] M. Wemnmann and R. Klein, “Advances 1in geometry and
reflectance acquisition,” i SIGGRAPH Asia 2015
Courses, ser. SA 15, 20135, pp. 1:1-1:71. [Online]. Avail-
able: http://doi.acm.org/10.1145/2818143. 28181635

[8] 1. Blauert, Spatial hearing: the psychophvsics of human
sound localization. MIT press, 1997.

[9] L. L. Thompson, “Areview of finite-element methods for
time-harmonic acoustics,” J. Acoust. Soc. Am, vol. 119,

no. 3, pp. 1315-1330, 2006.

[10] N. Raghuvanshi, R. Narain, and M. C. Lin, “Eilicient
and accurate sound propagation using adaptive rectangu-
lar decomposition,” Visualization and Computer Graph-

ics, IEEE Transactions on, vol. 15, no. 5, pp. 789-801,
2009.

[11] R. D. Ciskowski and C. A. Brebbia, Boundary element
methods in acoustics. Springer, 1991.

[12] R. Mehra, N. Raghuvanshi, L. Antam, A. Chandak, S.
Curtis, and D. Manocha, “Wave-based sound propagation
in large open scenes using an equivalent source formula-

tion,” ACM Transactions on Graphics (10(), vol. 32, no.
2, p. 19, 2013.

[13] N. Raghuvanshi, J. Snyder, R. Mehra, M. Lin, and N.
Govindaraju, “Precomputed wave simulation for real-
time sound propagation of dynamic sources in complex
scenes,” 1n ACM Transactions on Graphics (10G), vol.
29, no. 4. ACM, 2010, p. 68.

[14] J. Borish, “Extension to the image model to arbitrary
polyhedra,” The Journal of the Acoustical Society of
America, vol. 75, no. 6, pp. 1827-1836, June 1984.

[15] T. Funkhouser, 1. Carlbom, G. Elko, G. Pingali, M.
Sondhi, and J. West, “A beam tracing approach to acoustic
modeling for interactive virtual environments,” in Proc.
of ACM SIGGRAPH, 1998, pp. 21-32.

[16] M. Taylor, A. Chandak, L. Antami, and DD. Manocha,
“Resound: interactive sound rendering for dynamic vir-
tual environments,” in MM '09: Proceedings of the sev-
enteen ACM international conference on Multimedia.
ACM, 2009, pp. 271-280.

[17] M. Vorlander, “Simulation of the transient and steady-
state sound propagation 1n rooms using a new combined
ray-tracing/image-source algorithm,” The Journal of the
Acoustical Society of America, vol. 86, no. 1, pp. 172-178,
1989.

[18] 1. J. Embrechts, “Broad spectrum diflusion model for
room acoustics raytracing algorithms,” The Journal of the
Acoustical Society of America, vol. 107, no. 4, pp. 2068-
2081, 2000.

[19] C. Schissler, R. Mehra, and D. Manocha, “High-order
diffraction and diffuse reflections for interactive sound
propagation in large environments,” ACM Transactions

on Graphics (SIGGRAPH 2014), vol. 33, no. 4, p. 39,
2014.

[20] N. Tsingos, T. Funkhouser, A. Ngan, and 1. Carlbom,
“Modeling acoustics 1n virtual environments using the
uniform theory of diffraction,” 1n Proc. of ACM SIG-

GRAPH, 2001, pp. 545-552.




US 10,248,744 B2

25
[21] U. P. Svensson, R. 1. Fred, and J. Vanderkooy, “An
analytic secondary source model of edge diffraction

impulse responses,” Acoustical Society of America Jour-
nal, vol. 106, pp. 2331-2344, November 1999.

[22] G. Mickl and C. Dachsbacher, “Precomputing sound
scattering for structured surfaces,” in Proceedings of the

14th Eurographics Symposium on Parallel Graphics and
Visualization, 2014, pp. 73-80.

[23] ISO, “ISO 354, Acoustics—Measurement of sound
absorption 1n a reverberation room.” International Stan-
dards Organisation, no. 354, 2003.

[24] C. L. Christensen and J. H. Rindel, “A new scattering,
method that combines roughness and diflraction eflects,”
in Forum Acousticum, Budapest, Hungary, 2003.

[25] M. Monks, B. M. Oh, and I. Dorsey, “Audioptimiza-
tion: goal-based acoustic design,” Computer Graphics
and Applications, IEEE, vol. 20, no. 3, pp. 76-90, 2000.

[26] K. Saksela, J. Botts, and L. Savioja, “Optimization of
absorption placement using geometrical acoustic models
and least squares,” The Journal of the Acoustical Society
of America, vol. 137, no. 4, pp. EL274-EL.280, 2013.

[27] G.-P. Nava, “Inverse sound rendering: In-situ estima-
tion of surface acoustic impedance for acoustic simulation

and design of real mndoor environments,” Ph.D. disserta-
tion, 2007.

[28] C. L. Chrstensen, G. Koutsouris, and J. H. Rindel,
“Hstimating absorption of maternials to match room model
against existing room using a genetic algorithm,” in
Forum Acusticum 2014, At Krakow, Poland, 2014.

[29] K. Chen, Y.-K. Lai, and S.-M. Hu, “3d mdoor scene
modeling from rgb-d data: a survey,” Computational
Visual Media, vol. 1, no. 4, pp. 267-278, 2015.

[30] J. Bathe, E. Mouaddib, and J. Salvi, “Recent progress
in coded structured light as a techmique to solve the
correspondence problem: a survey,” Pattern recognition,
vol. 31, no. 7, pp. 963-982, 1998.

[31] D. Scharstein and R. Szeliski, “High-accuracy stereo
depth maps using structured light,” 1n IEEE Computer

Vision and Pattern Recognition., vol. 1. IEEE, 2003, pp.
1-195.

[32] R. A. Newcombe, S. Izadi, O. Hilliges, D. Molyneaux,
D. Kim, A. J. Davison, P. Kohi, J. Shotton, S. Hodges, and
A. Fitzgibbon, “KinectFusion: Real-time dense surface
mapping and tracking,” in Mixed and augmented reality
(ISMAR), 2011 10th IEEE international symposium on.
IEEE, 2011, pp. 127-136.

[33] M. Dou, L. Guan, J.-M. Frahm, and H. Fuchs, “Explor-
ing high-level plane primitives for indoor 3d reconstruc-
tion with a hand-held rgb-d camera,” 1n Computer Vision-
ACCYV 2012 Workshops. Springer, 2013, pp. 94-108.

[34] C. Liu, A. G. Schwing, K. Kundu, R. Urtasun, and S.
Fidler, “Rent3d: Floor-plan priors for monocular layout
estimation,” 1 Proceedings of the IEEE Conference on
Computer Vision and Pattern Recognition, 2015, pp.

3413-3421.

[35] M. Sormann, C. Zach, J. Bauer, K. Kamer, and H.
Bishof, “Watertight multi-view reconstruction based on
volumetric graph-cuts,” in Image analysis. Springer,
2007, pp. 393-402.

[36] S. Y. Bao, A. Furlan, L. Fei1-Fe1, and S. Savarese,

“Understanding the 3d layout of a cluttered room from

multiple 1mages,” 1n Applications of Computer Vision
(WACYV), 2014 IEEE Winter Conference on. IEEE, 2014,

pp. 690-697.

5

10

15

20

25

30

35

40

45

50

55

60

65

26

[37] S. Siltanen, T. Lokki, L. Savioja, and C. Lynge Chris-
tensen, “Geometry reduction in room acoustics model-
ing,” Acta Acustica united with Acustica, vol. 94, no. 3,
pp. 410-418, 2008.

[38] S. Pelzer and M. Vorlander, “Frequency- and time-
dependent geometry for real-time auralizations,” i Pro-
ceedings of 20th International Congress on Acoustics,

[CA, 2010.
[39] C. L, L. Sharan, E. H. Adelson, and R. Rosenholtz,

“Exploring features 1n a bayesian framework for material
recognition,” in Computer Vision and Pattern Recogni-

tion (CVPR), 2010 [EEE Conference on. IEEE, 2010, pp.
239-246.
[40] D. Hu, L. Bo, and X. Ren, “Toward robust material

recognition for everyday objects.” i BMVC, vol. 13,

2011, p. 14.
[41] M. Cimpo1, S. Maji, and A. Vedaldi, “Deep convolu-

tional filter banks for texture recognition and segmenta-
tion,” arXiv preprint arXiv:1411.6836, 2014.

[42] S. Bell, P. Upchurch, N. Snavely, and K. Bala, “Material
recognition in the wild with the materials 1 context
database,” Computer Vision and Pattern Recognition
(CVPR), pp. 3479-3487, 2015.

[43] C. Szegedy, W. Liu, Y. Jia, P. Sermanet, S. Reed, D.
Anguelov, D. Erhan, V. Vanhoucke, and A. Rabinovich,

“Going deeper with convolutions,” 1n The IEEE Confer-
ence on Computer Vision and Pattern Recognition

(CVPR), June 2015.

[44] R. Achanta, A. Shaj, K. Smith, A. Lucchi, P. Fua, and

S. Suisstrunk, “Slic superpixels compared to state-oi-the-
art superpixel methods,” IEEE transactions on pattern
analysis and machine intelligence, vol. 34, no. 11, pp.

2274-2282, 2012.
[45] J. Wang and M. M. Oliverra, “A hole-filling strategy for

reconstruction of smooth surfaces in range images,” 1n

Computer Graphics and Image Processing, 2003. SIB-
GRAPI 2003. XVI Brazilian Symposium on. IEEE, 2003,

pp. 11-18.
[46] J. Branch, F. Prieto, and P. Boulanger, “Automatic
hole-filling of triangular meshes using local radial basis

function,” 1 30 Data Processing, Visualization, and
Transmission, Thivd International Symposium on. IEEE

2006, pp. 7277-734. B
[477] J. S. Bendat and A. G. Piersol, “The hilbert transform,”

Random Data: Analysis and Measurement Procedures,

Fourth Edition, pp. 473-503, 1986.

[48] Y. J1a, E. Shelhamer, J. Donahue, S. Karayev, J. Long,
R. Girshick, S. Guadarrama, and T. Darrell, “Cafte: Con-
volutional architecture for fast feature embedding,” 1n
Proceedings of the 22nd ACM international conference
on Multimedia. ACM, 2014, pp. 675-678.

[49] V. Pulkka et al., Spatial sound generation and percep-

tion by amplitude panning technigues. Helsinki Univer-
sity of Technology, 2001.

[SO0] E. M. Wenzel, J. D. Miller, and J. S. Abel, “A software-
based system for interactive spatial sound synthesis,” 1n
[CAD, 6th Intl. Conf. on Aud. Disp, 2000, pp. 151-156.

[51] S. Foster, “Impulse response measurement using golay
codes,” 1 Acoustics, Speech, and Signal Processing,

[EEE International Conference on ICASSP’86., vol. 11.
IEEE, 1986, pp. 929-932.

It will be understood that various details of the subject
matter described herein may be changed without departing
from the scope of the subject matter described herein.
Furthermore, the foregoing description is for the purpose of
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illustration only, and not for the purpose of limitation, as the
subject matter described herein 1s defined by the claims as
set forth heremafter.

What 1s claimed 1s:

1. A method for determining acoustic material properties
associated with a real-world scene, the method comprising:
obtaining an acoustic response in a real-world scene;

obtaining 1images of the real-world scene;

generating, using the 1mages of the real-world scene, a

three-dimensional (3D) virtual model of the real-world
scene;

determining acoustic material properties of surfaces in the

3D virtual model using a visual material classification

algorithm to i1dentity matenals in the real-world scene

that make up the surfaces and known acoustic material

properties of the materials, wherein the visual matenal

classification algorithm comprises:

performing, using the images of the real-world scene
and a convolutional neural network (CNN) based
material classifier, a visual material segmentation,
wherein the visual material segmentation indicates
material classification probabilities for triangles
associated with the 3D virtual model;

identifying, using a patch segmentation algorithm,
patches associated with the 3D wvirtual model,
wherein each patch represents a localized group of
triangles appearing to be the same material; and

determining, using the material classification probabili-
ties, material classifications for the patches, where
cach material classification 1s associated with prede-
termined acoustic material properties; and

performing one or more acoustic simulations in the 3D
virtual model using an optimization algorithm,
wherein the optimization algorithm includes a sound
propagation simulation phase for generating a simu-
lated acoustic response based on the acoustic mate-
rial properties and a material estimation phase for
adjusting the acoustic material properties used in the
sound propagation simulation phase, wherein the
acoustic response 1n the real-world scene 1s used to
adjust the acoustic material properties, wherein the
optimization algorithm uses a solver to determine the
adjustment for the acoustic matenal properties dur-
ing the material estimation phase, wherein the opti-
mization algorithm alternates between the phases
until a simulated acoustic response of an acoustic
simulation in the 3D virtual model 1s similar to the
acoustic response in the real-world scene or until a
termination condition 1s met; and

generating, using the acoustic material properties of sur-

faces 1n the 3D virtual model, physically-based sound
ellects for the real-world scene.

2. The method of claim 1 wherein the acoustic simulation
includes a sound propagation model based on a specular
carly diffraction method, a difiraction method, or a path
tracing method.

3. The method of claim 1 wherein the simulated acoustic
response 1s associated with a listener position and a source
position that correspond to a listener position and a source
position associated with the acoustic response 1n the real-
world scene.

4. The method of claim 1 wherein the termination con-
dition includes a predetermined number of 1terations elaps-
ing, 1f an average per-bin error 1s less than a predetermined
value, or the optimization algorithm converging to a local
minimuin.
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5. The method of claim 1 wherein the acoustic response
in the real-world scene 1s obtained using at least one speaker
to output sound and at least one microphone to record the
sound.

6. The method of claim 1 wherein the acoustic material
properties include Ifrequency-dependent absorption coefli-
cients.

7. A system for determining acoustic material properties
associated with a real-world scene, the system comprising:

at least one processor; and

a sound propagation model (SPM) module executable by

the at least one processor, wherein the SPM module 1s
configured to obtain an acoustic response 1n a real-
world scene, to obtain images of the real-world scene,
to generate, using the 1mages of the real-world scene, a
three-dimensional (3D) virtual model of the real-world
scene, to determine acoustic material properties of
surfaces 1n the 3D virtual model using a visual material
classification algorithm to identify materials in the
real-world scene that make up the surfaces and known
acoustic material properties of the materials, wherein
the visual material classification algorithm comprises:
performing, using the images of the real-world scene
and a convolutional neural network (CNN) based mate-
rial classifier, a visual material segmentation, wherein
the visual matenial segmentation indicates material
classification probabilities for triangles associated with
the 3D virtual model; identifying, using a patch seg-
mentation algorithm, patches associated with the 3D
virtual model, wherein each patch represents a local-
ized group of triangles appearing to be the same
material; and determining, using the material classifi-
cation probabilities, material classifications for the
patches, where each material classification 1s associated
with predetermined acoustic material properties, and to
perform one or more acoustic simulations in the 3D
virtual model using an optimization algorithm, wherein
the optimization algorithm includes a sound propaga-
tion simulation phase for generating a simulated acous-
tic response based on the acoustic material properties
and a material estimation phase for adjusting the acous-
tic material properties used 1n the sound propagation
simulation phase, wherein the acoustic response in the
real-world scene 1s used to adjust the acoustic material
properties, wherein the optimization algorithm uses a
solver to determine the adjustment for the acoustic
material properties during the maternial estimation
phase, wherein the optimization algorithm alternates
between the phases until a simulated acoustic response
of an acoustic simulation 1n the 3D virtual model 1s
similar to the acoustic response 1n the real-world scene
or until a termination condition 1s met; and generating,
using the acoustic material properties of surfaces in the

3D virtual model, physically-based sound efiects for
the real-world scene.

8. The system of claim 7 wherein the acoustic simulation
includes a sound propagation model based on a specular
carly diffraction method, a diffraction method, or a path
tracing method.

9. The system of claim 7 wherein the simulated acoustic
response 1s associated with a listener position and a source
position that correspond to a listener position and a source
position associated with the acoustic response 1n the real-
world scene.

10. The system of claim 7 wherein the termination con-
dition includes a predetermined number of 1terations elaps-
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ing, 1f an average per-bin error is less than a predetermined
value, or the optimization algorithm converging to a local
minimum.

11. The system of claim 7 wherein the acoustic response
in the real-world scene 1s obtained using at least one speaker
to output sound and at least one microphone to record the
sound.

12. The system of claim 7 wherein the acoustic material
properties include frequency-dependent absorption coetli-
cients.

13. A non-transitory computer readable medium having
stored thereon executable instructions that when executed by
a processor of a computer control the computer to perform
steps comprising:

obtaining an acoustic response 1n a real-world scene;

obtaining images of the real-world scene;

generating, using the images of the real-world scene, a

three-dimensional (3D) virtual model of the real-world
scene;

determining acoustic material properties of surfaces in the

3D virtual model using a visual material classification

algorithm to identify materials 1n the real-world scene

that make up the surfaces and known acoustic material

properties of the materials, wherein the visual matenial

classification algorithm comprises:

performing, using the images of the real-world scene
and a convolutional neural network (CNN) based
material classifier, a visual maternial segmentation,
wherein the visual material segmentation indicates
material classification probabilities for triangles
assoclated with the 3D virtual model;

identifying, using a patch segmentation algorithm,
patches associated with the 3D wvirtual model,

wherein each patch represents a localized group of
triangles appearing to be the same material; and
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determining, using the material classification probabili-
ties, material classifications for the patches, where
cach material classification 1s associated with prede-
termined acoustic material properties; and

performing one or more acoustic simulations in the 3D
virtual model using an optimization algorithm,
wherein the optimization algorithm includes a sound
propagation simulation phase for generating a simu-
lated acoustic response based on the acoustic mate-
rial properties and a material estimation phase for
adjusting the acoustic material properties used in the
sound propagation simulation phase, wherein the
acoustic response 1n the real-world scene 1s used to
adjust the acoustic maternial properties, wherein the
optimization algorithm uses a solver to determine the
adjustment for the acoustic matenal properties dur-
ing the maternal estimation phase, wherein the opti-
mization algorithm alternates between the phases
until a simulated acoustic response of an acoustic
simulation 1n the 3D virtual model 1s similar to the
acoustic response in the real-world scene or until a
termination condition 1s met and generating, using
the acoustic material properties of surfaces in the 3D
virtual model, physically-based sound eflects for the
real-world scene.

14. The non-transitory computer readable medium of
claim 13 wherein the acoustic simulation includes a sound
propagation model based on a specular early difiraction
method, a diffraction method, or a path tracing method.

15. The non-transitory computer readable medium of
claim 13 wherein the simulated acoustic response 1s asso-
ciated with a listener position and a source position that
correspond to a listener position and a source position
associated with the acoustic response in the real-world
scene.
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